Abstract-Oscillating heat pipes (OHP) for cryogenic use are being developed to improve the heat removal characteristics of high-temperature superconducting (HTS) magnets. It is generally difficult to remove the heat generated in HTS windings, because the thermal diffusivities of component materials decrease with an increase of the operating temperature. Therefore, a local hot-spot can be rather easily generated in HTS magnets, and there are possibilities of observing degradation of superconducting properties and/or mechanical damages by thermal stresses. As a new cooling technology to enhance the heat removal characteristics in HTS magnets, the cryogenic OHP is proposed to be imbedded in magnet windings. The feasibility of cryogenic OHP has been confirmed by fabricating proto-types and by observing stable operations using hydrogen, neon and nitrogen as the working fluid. A high thermal conductivity was achieved that surpasses those of high-purity metals. We also propose a modified-type OHP to mitigate the orientation dependence.
I
T has been expected that the superconductivity application would be dramatically accelerated by the discovery of the high-temperature superconductors (HTS). Though there have been tremendous developments in the application of HTS, such as for power transmission cables, transformers and motors, intense efforts are still needed for large-scale applications, such as superconducting magnetic energy storage (SMES) and fusion devices. In HTS magnets, the stability of winding conductors are assured by the rise of operating temperatures. However, when a part of the windings turns into the normal-conducting T. Mito and N. Yanagi are with the National Institute for Fusion Science, Gifu 509-5292, Japan. They are also with the Graduate University for Advanced Studies, Gifu 509-5292, Japan (e-mail: mito@LHD.nifs.ac.jp).
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Digital Object Identifier 10.1109/TASC.2010.2100356 state, the protection of magnets becomes much more difficult than the case for low-temperature superconductors (LTS), and it is one of the most important issues for developing HTS magnets [1] . For example, the total magnetic storage energy of a 100 MW-class load-fluctuation compensating SMES using YBCO conductors will reach 2.4 GJ, and a fast protection is required for high reliability [2] . It is generally difficult to remove the heat generated in HTS magnets, because the thermal diffusivities of component materials decrease with an increase of the operating temperature. Therefore, a local hot-spot can be rather easily generated in HTS magnets, and there are possibilities of observing degradation of superconducting properties and/or mechanical damages by thermal stresses. Fig. 1 shows the temperature dependence of the thermal diffusivities of magnet component materials. It is noted that the thermal diffusivities at 4 K are substantially higher than those at 20 K. Therefore, LTS magnets can be protected safely due to the shorter thermal time constant in the windings. Here, we should also note that the thermal time constant plays a crucial role for cooling as well as for detection of anomalies and protection of magnets. On the other hand, HTS magnets, which can operate at 20 K or higher, have longer thermal time constant due to the decrease of thermal diffusivities, and they need special improvement to enhance the cooling capabilities.
In this respect, a novel imbedded-type cryogenic oscillating heat pipe (OHP) is proposed, which can enhance the heat removal characteristics in HTS magnets. In this paper, the characteristics of the cryogenic OHP are described focusing on the measured effective thermal conductivities, differences with working fluids, cross-sectional areas of the fluid channel and the installation orientation. Fig. 2 shows a schematic illustration for explaining the advantage of cooling with a heat pipe compared to using a thermal conduction of a solid metal. The temperature gradient in the longitudinal direction of a heat pipe can be much smaller than that in a solid metal. Furthermore, there is less time delay of heat transport in a heat pipe because of the fast movement of working fluid, which is different from the situation in a solid metal with considerable time delay of heat conduction. The high effective thermal diffusivity and quick response also enable heat pipes to make early detection of a local temperature rise in magnet windings.
II. MERITS OF COOLING WITH HEAT PIPES
We have selected a type of heat pipes known as the OHP considering especially the following two merits for applying to magnets: A thin-panel OHP can be made, unlike the wick type with only cylindrical shapes. The degree of freedom of the installation orientation is high compared to that of thermo-siphons whose orientation is limited.
The OHP has a long capillary which is bent into many turns and a working fluid with two-phase mixture is filled inside the capillary as shown in Fig. 3 [3] . The OHP is a highly efficient two-phase heat transporting device which can transport the amount of heat several orders of magnitude greater than that by thermal conduction in solid metals. The OHP utilizes the pressure change in volumetric expansion and contraction during phase changes, which excites oscillation motions with liquid plugs and vapor bubbles between the evaporator and condenser. Fig. 4 shows a conceptual design configuration of OHPs imbedded in a HTS magnet. 
III. CHARACTERISTICS OF CRYOGENIC OHP

A. Proof-of-Principle Experiments
In order to investigate the feasibility of applying cryogenic OHPs in HTS magnets, we fabricated proto-type OHPs. As shown in Fig. 5 , an OHP consists of an evaporator section and a condenser section both made of copper blocks, and stainless-steel pipes bent into 10 turns connect these sections. The outer diameter of the pipe is 1.59 mm (1/16 inch) and/or 3.18 mm (1/8 inch), and the inner diameter is 0.78 mm and/or 1.58 mm. Fig. 6 shows the experimental setup for the proof-of-principle experiment of the cryogenic OHP. Resistive thermometers are attached on the copper blocks to investigate the heat transport characteristics of the OHP. A heater is attached to the evaporator which is placed at the bottom. The condenser is at the top where it is connected to the cold head of the GM cryocooler using a copper bus-bar. The inlet of the working fluid is connected to the buffer tank through an isolation valve. The pressure gauges are installed in the buffer tank and the filling pipe, which are used to control the amount of working fluid to the OHP and to monitor the self-oscillation of the OHP. The working fluid of the OHP can be changeable among , Ne and according to the operation temperature.
The heat transport characteristics of the OHP were investigated by observing the temperature difference between the evaporator and condenser by changing the heater power, the initial temperature of the condenser, the liquid filling ratio of the working fluid, and the kind of working fluid. Stable operations of the cryogenic OHP within the wide operational ranges has been confirmed [4] , [5] . In addition, it has been shown to have high heat transport characteristics which surpass those of high-purity metals. Table I summarizes the measured effective thermal conductivity for the 1.59 mm OHP experiments. We here define the effective thermal conductivity as
The effect of the inner diameter of the cooling pipe and the cross-sectional area of the working fluid channel in the OHP has been examined by changing the outer diameter from 1.59 mm to 3.18 mm and the inner diameter from 0.78 mm to 1.58 mm. The condenser and evaporator are connected by 10 parallel pipes with 100 mm in length and 4.78 mm (for 1.59 mm) and 19.6 mm (for 3.18 mm) in total cross-sectional areas of the working fluid. Fig. 7 shows the measured effective thermal conductivity with working fluids of Ne and . The measured effective thermal conductivities of the 3.18 mm OHP were two times larger than those of the 1.59 mm OHP for both Ne and .
However, in these experiments, we found that the effective thermal conductivities were mainly affected by the thermal contact resistance between the copper blocks and SS pipe which were bonded by solder. Therefore, the optimum inner diameter of the pipe and the optimum cross-sectional area of the working fluid channel cannot be determined solely from these data. Further improvement of the effective thermal conductivity is expected by improving the thermal contact between the copper blocks and SS pipe and then optimizing the inner diameter of the pipe.
B. Effects of the Installation Orientation
In order to effectively cool HTS magnets, it is required that cryogenic OHPs can operate in a variety of installation orientations. In this respect, the operating characteristics of the proto-type OHPs were examined by changing the installation orientation [6] using the experimental setup shown in Fig. 8 . The same type of cryogenic OHP (shown in Fig. 5 ) was used with the outer diameter of the SS pipe 3.18 mm and the inner diameter 1.58 mm. The installation orientation was set at the following four angles: horizontal (0 ), vertical with the evaporator located at the bottom , diagonal with the evaporator at the bottom , vertical with the evaporator at the top and diagonal with the evaporator at the top . The measured effective thermal conductivities are summarized in Table II. For the orientations with the evaporator located at the bottom ( and ) and for the horizontal orientation , the OHP operated stably with an effective thermal conductivity observed at 2, 480 (for ) and 5,100-19,440 (for Ne). In these cases, the temperature of the condenser was at 17-19 K (for ) and 26-28 K (for Ne), whereas the evaporator was at 19-30 K (for ) and 27-39 K (for Ne). For the orientations with the evaporator located at the top ( and ), however, the OHP did not work stably. There have been many reports that OHPs can work also with these orientations at room temperature. Further optimization is necessary in order to operate cryogenic OHPs in various configurations.
C. Modified-Type OHP
In order to mitigate the problem of installation orientation, here we propose a modified-type OHP, with both ends cooled (condenser) and the center heated (evaporator), such as shown in Fig. 9 . We consider that the central heating is adequate for OHPs imbedded in magnet windings, such as shown in Fig. 4 . The heat generated in the magnet windings can be transported toward the inner and outer bobbins by OHP-imbedded cooling panels. The heat is then removed by the cryogen flowing in the inner and outer cooling channels supplied from the refrigerator. For the proto-type OHP of Fig. 9 , the cooling pipe is made of copper with an outer diameter 3 mm and inner diameter 2 mm. Fig. 10 shows the measured effective thermal conductivity of the modified-type OHP using Ne as the working fluid. Stable operations have been confirmed experimentally. However, the measured effective thermal conductivity was much smaller than that observed in the conventional type OHP. We consider that the effective thermal conductivity can be further improved by incorporating an optimized configuration for the OHP structure.
IV. SUMMARY
High heat transport properties of cryogenic OHPs have been experimentally confirmed at the operating temperature ranges of 17-30 K (for ), 26-39 K (for Ne) and 67-91 K (for ). A modified-type OHP, with both ends cooled and the center heated, mitigates the effect of installation orientation. We consider that it is possible to dramatically improve the performance of HTS magnets by using cryogenic OHPs.
